Lipid oxidation processes were simulated for O/W emulsions with different oil-droplet sizes based on autocatalytic type rate expression in order to examine the effect of oil-droplet size on oxidation. Unoxidized lipid molecules were conver ted to oxidized ones momentarily or gradually, and the conversion occurred evenly or randomly in the droplets. When the oxidized molecules were formed momentarily, the droplet size scarcely affected the oxidation process, except for when the number of oxidized molecules was equal to or smaller than the number of oil droplets. In contrast, the oil droplet size significantly affected the oxidation process when the oxidized molecules were gradually and randomly formed at regular intervals. The oxidation was more retarded for the emulsions with smaller oil droplets. Because the latter case would be closer to a real system, the reduction in the oil droplet size in O/W emulsions is expected to increase the stability of lipids to protect against oxidation.
Introduction
Lipid containing unsaturated fatty acids is prone to autoxidization in both bulk and dispersed systems, and some products of lipid oxidation exhibit undesirable health effects [1] . In an oil-in-water (O/W) emulsion containing unsaturated fatty acids, the fatty acids are oxidized using the oxygen supplied from the aqueous phase through the oil-water interface. Because an insufficient amount of oxygen is supplied through the interface for a large oil droplet on a small specific surface area, the mass transfer of oxygen through the interface seems to decelerate lipid oxidation.
Much attention has recently been paid to nano-emulsions that contain very small oil droplets. When the oil droplet size is sufficiently small, the lipid oxidation itself would be a rate-limiting step, and the oxidation rate would not depend on the oil droplet size. However, the dependence of the lipid oxidation on oil droplet size is complex. Gohtani et al. [2] , Lethuaut et al. [3] , Lee et al. [4] , and Kuhn and Cunha [5] reported that lipid oxidation was accelerated by reducing oil droplet size, whereas Kanaya et al. [6] , Ries et al. [7] , O'Dwyer et al. [8] , and Hguyen et al. [9] demonstrated retardation of lipid oxidation for smaller oil droplets. We also showed that there is a smaller rate constant for autoxidation of methyl linoleate for smaller oil droplets and proposed a model for explaining the dependence of the rate constant on oil droplet size [10] . Other studies previously reported no significant effect of oil droplet size on the lipid oxidation rate [11] [12] [13] [14] [15] . The difference in the dependence of autoxidation rate of lipid on the oil droplet size could be ascribed to certain factors, such as the kind of lipid used, the oil droplet size range, and the temperature tested, although the reason for the difference has not been specified.
It is not experimentally easy to examine the effect of oil droplet size on lipid oxidation for a wide range of oil droplet sizes under constant conditions other than oil droplet size. Therefore, the effect was examined by computational simulation under ideal conditions where factors other than droplet size do not need to be considered.
Lipid oxidation is a complicated process consisting of initiation, propagation, and termination steps, and the initiation step is triggered by the conversion of unoxidized (Received 4 Feb. 2014 [16, 17] . The formation of oxidized molecules is reflected in the initial condition for the rate equation. The rate equation was applied to examine the effect of droplet size on lipid oxidation process for two ideal cases where unoxidized molecules are converted to oxidized ones momentarily at the beginning of storage or gradually converted at regular intervals.
Theoretical Considerations

Lipid oxidation kinetics
The autocatalytic type rate equation is expressed by Eq. (1). (1) where C is the concentration of the unoxidized lipid, C t is the initial concentration of unoxidized lipid, t is the time, and k is the rate constant. Eq. 
Momentarily triggering oxidation model
An oil droplet consisting of N lipid molecules was divided into m sub-droplets of the same volume, and n unoxidized molecules were converted to oxidized ones momentarily at a given moment, 0. Two extreme cases were considered: in the first case, the conversion occurred evenly in the m sub-droplets, and in another one, the conversion did randomly in the sub-droplets.
The oxidation process of lipid in the sub-droplets for both the cases was calculated by Eq. (5), and the fractions of unoxidized lipid molecules were averaged over all of the sub-droplets.
Gradually triggering oxidation model
An oil droplet consisting of N lipid molecules was also divided into m sub-droplets of the same volume. n unoxi- 
The Y i,0 for Eq. (6) is given by
When the conversion of another unoxidized molecule to oxidized one occurred in the sub-droplet during the oxidation process, its effect on the Y value was ignored because the large number of oxidized molecules had been formed in the sub-droplet by the time.
Results and Discussion
Let us consider an oil droplet that is 10 m in diameter. When we assume that the oil droplet consists of methyl linoleate, the droplet would be estimated to contain ca. molecules was the same as that of sub-droplets, and no oxidized molecules appeared in some sub-droplets. 
Oxidation processes by
Conclusions
The effect of oil droplet size in O/W emulsions on lipid oxidation was simulated for two cases where the oxidized lipid molecules appeared momentarily at a given moment ( 0) and gradually at regular intervals of 1. In the former case, there was no significant recognized effect of reduction of oil droplet size on retardation of lipid oxidation. However, in the latter case, lipid oxidation can be significantly retarded by the reduction of oil droplet size. The smaller oil droplet has a more remarkable effect on retardation. Therefore, simulation in this study indicated the possibility that lipid is more stable against oxidation in nano-emulsion than micro-emulsion.
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